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Objectives 


This  research  is  a  combined  theoretical,  computational  and  experimental  study  of  the 
basic  physics  associated  with  limit  cycle  oscillations  that  are  known  to  occur  on  an 
airframe  surface.  A  central  objective  of  the  present  research  is  to  determine  which  generic 
features  of  an  external  flow  field  can  induce  deformations  of  the  surface  and  under  what 
circumstances.  The  main  focus  of  the  experimental  work  is  on  vortices  in  subsonic  flow 
and  their  influence  as  a  stimulus  for  movement  of  the  surface;  the  theoretical  and 
computational  work  considers  this  situation,  as  well  as  the  influence  of  shock  waves  on  a 
flexible  surface  in  supersonic  flow.  Shock  waves,  vortices  and  a  moving  wall  are  all 
capable  of  inducing  unsteady  separation  in  the  viscous  boundary  layer  on  the  surface  and 
thereby  producing  sharp  changes  in  the  local  pressure  distribution.  The  complex  coupling 
that  can  occur  between  the  boundary  layer,  the  generic  features  in  the  external  flow,  and 
the  moving  (or  deformable)  surface  is  under  study. 


Status  of  Effort 


The  theoretical  and  computational  research  has  focused  on  two  types  of  surfaces, 
namely:  (1)  an  elastic  deformable  wall  of  infinite  extent  and  (2)  a  finite-length  plate  which 
is  clamped  at  both  ends.  Various  models  for  these  types  of  surfaces  have  been  considered. 
The  infinite  wall  is  studied  as  the  simplest  type  of  deformable  wall  that  can  model  a  local 
interaction,  which  is  not  complicated  by  reflected  waves  that  may  occur  at  the  support 
locations  of  a  finite  length  plate.  In  subsonic  flow  it  has  been  shown  that  a  moving  vortex 
can  have  a  dramatic  effect  on  the  contour  of  the  wall  and  act  to  rapidly  promote  boundary- 
layer  separation.  The  boundary-layer  separation  itself  is  found  to  produce  sharp  local 
changes  in  the  pressure,  and  these  in  turn  can  provoke  movement  of  the  surface;  solutions 
have  been  obtained  to  model  this  situation  and  these  show  how  the  disturbance  is 
transmitted  along  the  surface. 

A  method  has  been  developed  to  study  the  deflection  of  a  finite  plate  exposed  to  the 
movement  of  a  vortex  above.  Calculated  solutions  of  the  model  problem  show  that  strong 
non-linear  effects  rapidly  lead  to  limit  cycle  behavior  and  eventually  chaotic  (but  bounded) 
motion  of  the  plate. 

In  the  experimental  program,  techniques  were  developed  for  accurately  examining  the 
overall  motion  of  a  deflecting  surface  in  response  to  controlled  vortex  interactions  in  a 
low-speed  water  flow.  A  method  employing  digitally-enhanced  image  processing  of  a 
shadow  moire  techniques  have  been  developed,  and  the  necessary  software  to  allow 
interrogation  and  assessment  of  three-dimensional,  time-varying  surface  deflections  has 
been  written  and  implemented.  A  test  section  has  been  developed  which  allows  the 
examination  of  various  types  of  vortex  and  boundary  layer  flows  over  a  flat,  deformable 
elastic  surface;  initial  tests  with  transverse  vortices  have  been  run  and  evaluated;  studies 
using  axisymmetric  "ring"  vortices  will  follow  on  the  transverse  vortex  studies.  A 
calibration  device  for  establishing  the  degree  of  deflection  relative  to  the  applied  force  was 
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design,  fabricated,  and  implemented  to  allow  quantitative  assessment  the  moire  images. 
The  PIV  (particle  image  velocimetry)  system  has  been  developed  and  adapted  for  the 
particular  test  section  employed  in  this  study,  and  has  been  applied  to  examine  selected 
vortex  flow  patterns. 

The  influence  of  a  deformable  surface  which  is  exposed  to  a  shock  wave  in  supersonic 
flow  is  also  under  study  in  the  theoretical  program.  In  general,  a  shock  wave  can  provoke 
boundary-layer  separation  and  in  turn  can  lead  to  a  local  absolute  instability  and  an  abrupt 
transition  to  turbulence.  The  current  work  has  demonstrated  that  this  instability  can  be 
suppressed  by  a  compliant  surface.  Extensive  calculations  for  this  situation  have  defined 
the  stability  boundaries  and  have  also  revealed  the  presence  of  new  types  of  instabilities 
associated  with  separated  flows. 


Accomplishments/New  Findings 

(1)  Solutions  have  been  obtained  for  a  general  pressure  pulse  applied  to  a  deformable 
surface  which  subsequently  moves  along  the  surface  in  subsonic  flow.  These  solutions 
reveal  that  traveling  waves  are  set  up  along  the  surface.  Numerical  solutions  for  the 
boundary-layer  flow  on  the  moving  surface  show  that  an  unsteady  separation  effect  is 
quickly  provoked  provided  the  initial  disturbance  is  sufficiently  large;  this  in  turn  leads 
to  sharp  local  changes  in  the  pressure  distribution  which  provokes  further 
deformations  in  the  surface.  These  results  suggest  how  unsteady  separation 
phenomena  at  high  Reynolds  number  on  an  airframe  component  can  set  up  a  complex 
oscillation  of  the  surface  and  suggest  a  mechanism  for  self-sustaining  oscillations. 

(2)  When  a  vortex  is  in  motion  above  a  wall,  it  induces  a  substantial  perturbation  in  the 
pressure  field  near  the  surface  which  can  cause  a  significant  deformation  of  a  flexible 
surface.  Solutions  have  been  obtained  for  the  inviscid  flow  and  shape  of  the 
deformable  wall  for  a  number  of  models  of  a  flexible  surface.  In  general,  the  vortex 
always  acts  to  pull  the  surface  toward  it,  and  this  has  profound  effects  on  the  viscous 
response  of  the  boundary  layer.  Boundary-layer  solutions  have  been  obtained,  and  it 
has  been  found  that  an  unsteady  separation  effect  occurs  in  all  cases;  furthermore, 
separation  of  the  boundary  layer  is  dramatically  enhanced  and  strengthened  by  the 
presence  of  the  deformable  wall.  This  suggests  that  a  sharp  viscous  response  of  the 
boundary  layer  will  occur  whenever  a  vortex  is  in  proximity  to  a  flexible  wall  in  the 
form  of  local  pressure  spikes;  furthermore,  the  presence  of  the  flexible  wall  strengthens 
this  response. 

(3)  For  supersonic  flow  past  a  wall,  the  theoretical  work  has  focused  on  a  generic  problem 
corresponding  to  the  shock  wave/boundary  layer  interaction  that  occurs  near  a 
compression  ramp.  Here  the  shock  wave  provokes  separation  of  the  boundary  layer  in 
the  corner  giving  rise  to  a  steady  region  of  reversed  flow  provided  the  ramp  angle  (and 
therefore  the  strength  of  the  shock)  is  not  too  large.  Although  supersonic  flow  is 
generally  believed  to  be  stable  to  small  disturbances,  it  has  been  found  that  above  a 
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certain  critical  ramp  angle,  the  flow  becomes  unstable  due  to  the  appearance  of  an 
inflectional  profile  within  the  reversed  flow  region.  The  instability  is  absolute  and 
presents  itself  as  a  stationary  growing  wave  packet  centered  on  the  reversed  flow 
region.  This  suggests  that  the  separation  bubble  in  the  boundary  layer  is  a  potential 
site  for  a  direct  and  abrupt  transition  to  turbulence.  In  the  present  program,  solutions 
have  been  obtained  for  this  flow  geometry  but  with  a  flexible  wall;  the  approach 
utilized  is  high-Reynolds-number  asymptotic  theory  and  constitutes  a  full  nonlinear 
interaction  between  the  external  flow,  the  boundary  layer  and  the  flexible  surface.  It 
has  been  found  that  the  presence  of  the  flexible  wall  stabilizes  the  flow  and  that  steady 
reversed-flow  solutions  are  possible  up  to  much  stronger  shock  strengths.  At  very 
high  ramp  angles,  several  other  types  of  instabilities  have  been  identified,  and  it  has 
been  shown  how  these  can  be  stabilized  through  use  of  a  flexible  wall.  This  suggests 
that  the  presence  of  a  compliant  coating  in  supersonic  flow  has  the  potential  to  be 
useful  in  delaying  transition  to  turbulence.  Note  that  the  present  results  have  also  been 
shown  to  apply  to  the  case  of  hypersonic  flow  with  strong  wall  cooling. 

(4)  The  problem  of  a  finite  one-dimensional  plate  set  in  motion  by  the  passage  of  a  vortex 
in  a  uniform  flow  above  the  plate  has  been  modeled,  and  calculations  have  been  carried 
out  to  determine  the  plate  response  in  a  variety  of  situations.  This  problem  has  been 
considered  as  a  predecessor  to  a  full  two-dimensional  plate  in  which  the  response  is 
expected  to  be  much  more  complex.  When  the  pressure  stimulus  due  to  the  vortex  is 
relatively  weak,  the  plate  response  is  weakly  nonlinear  and  complex  limit  cycle 
behavior  is  found.  On  the  other  hand,  as  the  vortex  strength  is  increased,  essentially 
chaotic  but  bounded  vibrations  of  the  plate  occur. 

(5)  Initially,  transverse  vortices  generated  using  a  wall  flap  have  been  examined  with  the 
experimental  test  section.  Particle  image  velocimetry  (PIV)  has  been  employed  to 
successfully  quantify  the  generated  flow-field  characteristics  using  a  PIV  system 
constructed  in  house  (partially  developed  using  funds  from  the  grant);  this  system 
utilizes  film  recording  in  conjunction  with  a  bias  mirror,  and  a  laser  scanning 
illumination  system.  Using  an  autocorrelation  analysis  of  the  recorded  images  the  local 
instantaneous,  two-dimensional  velocity  field  was  established  for  selected  flow 
conditions.  Presently,  PIV  is  being  employed  to  examine  the  velocity  and  vorticity 
fields  for  a  low  Reynolds  number  transverse  vortex  passing  over  the  test  membrane. 
Initial  experimental  results  indicate  support  of  the  computational  results  (see  2  and  3 
above),  indicating  the  development  of  a  strong  vortex-surface  interaction  which  both 
modifies  the  immediate  flow  field,  and  creates  strong  localized  pressure  fields  which 
interact  strongly  with  the  membrane. 

(6)  For  the  experimental  test  section,  a  program  has  been  developed  which  utilizes 
sequential  digitized  video  frames  of  the  moire  pattern  generated  by  the  deflection  of  an 
elastic  membrane  to  assess  the  spatial-temporal  deflection  of  the  membrane  surface 
during  the  passage  of  an  experimentally-generated  transverse  vortex.  By 
computationally  assessing  the  ordering  of  the  moire  fringes,  the  out-of-plane  motion  of 
the  membrane  can  be  tracked  and  correlated  with  the  vortex  translation.  Results 
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support  the  computational  observation  (section  2)  that  the  magnitude  of  the  sharp 
viscous  response  of  the  boundary  layer  created  by  a  vortex  passing  in  proximity  to  the 
membrane  appears  to  be  amplified  by  the  presence  of  the  membrane.  The  study  of 
different  vortex  forms,  as  outlined  in  (5)  above,  will  help  establish  the  nature  of  this 
vortex-membrane  interaction;  however,  it  is  clear  that  a  symbiotic  mechanism  exists 
for  a  strong  mutual  interaction  between  vortices  and  flexible  surfaces.  The  PIV  results 
suggest  that  transverse  vortices  in  proximity  to  a  deformable  boundary  retain  their 
integrity  longer  than  the  counter-part  vortex  in  proximity  to  a  solid  surface.  Initial 
simultaneous  flow  field-deformation  studies  have  proven  problematic  because  of  cross¬ 
contamination  of  the  flow-field  lighting  technique  by  the  shadow  moire  lighting. 
Methods  for  reducing  or  elimination  of  this  lighting  contamination  are  being  examined; 
when  successful,  these  simultaneous  studies  will  allow  the  experimental  correlation  of 
the  local  vortical  flow  field  and  with  the  local  surface  deformation. 
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